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ABSTRACT 

We present high-resolution X-ray spectra of the nearby, multiple T Tauri star 
(TTS) system Hen 3-600, obtained with the High Energy Transmission Grating 
Spectrograph (HETGS) aboard the Chandra X-ray Observatory (CXO). Both 
principle binary components of Hen 3-600 (A and B, separation 1.4") were de- 
tected in the zeroth-order CXO/HETGS X-ray image. Hen 3-600- A — the com- 
ponent with a large mid-infrared excess — is a factor ~ 2 — 3 fainter in X-rays 
than Hen 3-600-5, due to a large flare at Hen 3-600-5 during our observation. 
The dispersed X-ray spectra of the two primary components overlap significantly, 
so spectral analysis was performed primarily on the first-order spectrum of the 
combined (A + B) system, with analysis of the individual dispersed spectra lim- 
ited to regions where the contributions of A and B can be disentangled via 
cross- dispersion profile fitting. This analysis results in two lines of evidence in- 
dicating that the X-ray emission from Hen 3-600 A + B is derived, in part, from 
accretion processes: (1) The line ratios of He-like O VII in the spectrum of Hen 3- 
600 A + B indicate that the characteristic density of its X-ray-emitting plasma is 
significantly larger than those of coronally active main sequence and pre-main se- 
quence stars. (2) A significant component of low-temperature (2-3 MK) plasma 
is present in the Hen 3-600 A + B spectrum; this "soft excess" appears somewhat 
stronger in component A. These results for Hen 3-600 A + B are consistent with, 
though less pronounced than, results obtained from X-ray gratings spectroscopy 
of more rapidly accreting TTS systems. Indeed, all of the emission signatures 
of Hen 3-600 A + B that are potential diagnostics of accretion activity — from 
its high-resolution X-ray spectrum, through its UV excess and Ha emission line 
strengths, to its weak near-infrared excess — suggest that its components (and 
component A in particular) represent a transition phase between rapidly accret- 
ing, classical T Tauri stars and non-accreting, weak-lined T Tauri stars. 

Subject headings: Xrays: stars — stars: individual (Hen 3-600, TW Hya, HD 98800) 
- stars: pre-main sequence — stars: coronae — accretion, accretion disks 
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1. Introduction 

X-ray observations of star formation re- 
gions have established that low-mass, pre- 
main sequence (T Tauri) stars are lumi- 
nous X-ray sources (jFeigelson fc Montmerle 
19991 ) . Such high-energy radiation may ex- 
ert a profound influen ce over the process of 
planet formation (e.g. Glassgold. Najita fc Igea 



20041 : iFeigelson et al.ll2005l ). The origin of 



pre-main sequence (pre-MS) X-ray emis- 
sion is still the subject of debate, how- 
ever. Although most recently formed, 
low-mass stars likely emit X-rays as a 
consequence of solar-like coronal activ- 
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) we and oth- 



ers have suggested that the X-ray emis- 
sion from certain actively accreting pre- 
main sequence stars may be a direct re- 
sult of mass accretion from a circumstellar 



disk onto the forming star (Kastner et al 
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To improve our understanding of the 
physical conditions within X-ray emitting 
regions of both actively accreting, clas- 
sical T Tauri stars (cTTS) and appar- 
ently non-accreting, weak-lined T Tauri 
stars (wTTS), we are conducting a high- 
resolution X-ray spectroscop ic study of the 



TW Hya Association (TWA: iKastner et al 
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20031 ) with the Chandra X-ray Observa- 



tory's High Energy Trans mission Grating 



Spect rometer (HETGS; ICanizares et al. 



20051 ). The TWA is uniquely well suited 
to this study, due to its proximity (typ- 
ical member distances D ~ 50 pc) and 
lack of intervening cloud material, as well 
as its status as an evolutionary "missing 
link" between embedded pre -MS stars and 



the ze r o-age main sequence (jKastner et al. 



( 120031 ) : lde la Reza. Jilinski & Ortega! (12 006): 
also s ee the review by Zuckerman fc Songi 



(120041 ) ). 

Observations of TWA members with 
HETGS provide unique plasma diagnostics 
that have generated insight into the X-ray 
emission mechanisms of T Tauri stars. In 
particular, the density- sensitive line ratios 
of He-like ions (O VII, Ne ix) detected in 
the Chandra/HETGS X-ray spectrum of 



range 11.9 < logn e < 12.5 


Kastner et al. 


2002; 


Testa. Drake &; Peres 


2004 


). This is 



roughly an order of magnitude larger than 
all active main sequence stars that have 
been observed at high spectr al resolution 



(ITesta. Drake & Peresl I2004J ; iNess et al. 



20041 1 . Similar results for density- sensitive 
line ratios subsequently have been ob- 
tained from X-ray g ratings spectroscop y 
of the cTTS BP Tau dSchmitt et alJ lioOol). 



V4046 S gr (IGiinther et all l2006h. an d 



MP Mus (lArgirofii. Maggio fc Peresll2007l ). 
Furthermore, the plasma temperature 
measured from HETGS and XMM-Newton 
spectra of TW Hya, ~ 3 MK, is consis- 
tent with adiabatic shocks arising in gas 
at free-fall velocities expected for accre 



tion onto the star (IKastner et al.l 12002 
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Stelzer fc Schmittll2004h . 

In stark contrast, the HETGS spectrum 
of the wTTS system HD 98800, a mem- 
ber of the TWA and which is apparently 
non-accreting, closely rese mbles those of 



active main sequence stars (IKastner et al. 



2004al ). In particular, its He-like Ne IX and 
O VII triplet line ratios and, hence, plasma 
densities are well within the range charac- 
teristic of "classical" coronal sources, and 
its plasma temperature distribution is sig- 
nificantly hotter than that of TW Hya. 

Typical signatures of active accretion 
are strong Ha emission, ultraviolet excess 
from an accretion disk boundary layer, 
and a near-infrared excess from hot dust 
in the inner disk. To fully understand 
the dependence of high energy emission 
on accretion rate - if any - we need 
high resolution X-ray spectra from objects 
which span a large range in the optical, 
UV, and IR diagnostics. Here we de- 
scribe the results of HETGS observations 
of TWA member Hen 3-600, a multiple 
pre-MS star system whose pr inciple com- 



pone n ts are separated by 1. 4 " f|Webb et al. 



1999c IJayawardhana et al.l Il999l ). Like 



HD 98800, one primary component of 
Hen 3-600 evidently is surrounded by a 
dusty dis k, based on its IR spectra l dis- 
tribution (IJayawardhana et al.lll999l ). The 
mid- infrared spectrum of Hen 3-600, like 
that of TW Hya, displays evid ence for crys- 



tallin e silicate dust gra ins (IHonda et al. 



20031 ; lUchida et al.l 12004 ). suggesting ma- 
terial in the circumstellar disk of Hen 3- 
600-/1 has undergone considerable process- 
ing and evolution. 

The presence and strength of Ha emis- 
sion and UV excesses in the spectra of 
TW Hya and Hen 3-600- A (Table HJ) indi- 



cate that accretion is ongoing in each case. 
Indeed, apart from TW Hya itself, Hen 3- 
600-A is the st rongest Ha emissi on source 
in the TWA (jWebb et all Il999l ). Based 
on Ha line profile analysis, both stars are 
accreting at rates significantly lower than 
those of ~ 1 Myr-old TTS that are still 
found in their nascent dark clouds, with 
the accretion rate of Hen 3-600-^4 about 
an order o f magnitude lower tha n that of 
TW Hya flMuzerolle et al.l l2000h . This is 
consistent with the relatively small UV ex- 
cess of Hen 3-600, as UV excess is also 
widely used as an indicator of TTS ac- 
cretion rate. TW Hya is known to have 



a nearly face-on d isk (IKrist et al.l 12000 



Kastner et al.l Il997l ) and is thus ideal for 



probing accretion since there is no inter- 
vening local X-ray absorption by neutral 
hydrogen, and because the high-latitude 
accretion region (if directed by bipolar 
magnetic fields) is in full view. We have 
no direct measurement of the inclination of 
the Hen 3-600 components to our line-of- 
sight, but we infer that it is also low, given 
its combination of large mid-IR excess and 
negligible optical reddening; its measured 
value of (B — V) = 1.52 is nearl y that of 
an u nreddened M3 photosphere (Uohnson 



19661 ). The contrasts in accretion diagnos- 



tics apparent in Table CD, and the status of 
Hen 3-600 as an intermediate case between 
TW Hya and HD 98800, make Hen 3- 
600 a key TWA system for further study 
with Chandra/HETGS. Both components, 
AhB, are considered members of the TWA 
based on photome tric, spectroscopic , and 
kinematic criteria ( Torres et al.ll2003l; iReid 



20031 : IWebb et al.lll999l ). 
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2. Observations, Data Reduction, 
and Results 

We observed Hen 3-600 with Chan- 
dra/HETGS for 101 ks starting on 2004 
March 16 (observation identifier 4502) 
in the default configuration (timed ex- 
posure, ACIS-S detector array) and un- 
der nominal operating conditions. Data 
were re-processed with Chandra Inter- 
active Analysis of Observations software 
(CIAO, version 3) to apply updated cali- 
brations (CALDB 3.2). Events were also 
cleaned of the detector artifacts on CCD 
8 ("streaks"). The effective exposure time 
after data reprocessing is 99.4 ks. Spectral 
responses, including corrections for ACIS 
contamination, were generated with CIAO. 

The resulting Chandra/HETGS spec- 
tral image of the Hen 3-600-A/ B binary 
yielded 883 and 1610 zeroth order counts 
from A and B, respectively, and 3420 
combined (MEG and HEG) first order 
counts. The dispersed spectra are not 
well resolved spatially over the entire spec- 
tral range (see § 13.21) . To estimate count 
rates for the individual components of the 
Hen 3-600 binary, we extracted separate 
dispersed spectra within cross-dispersion 
regions centered on A and B, with the cor- 
responding zeroth-order centroids as the 
wavelength reference. We thus estimate 
combined MEG and HEG plus and minus 
first order count rates of 0.010 s _1 and 
0.024 s -1 for components A and B, respec- 
tively; these estimates are subject to some 
uncertainty, however, given the overlap be- 
tween the dispersed spectra of A and B in 
the cross-dispersion direction. 

Line positions and fluxes were measured 



with ISIS0 f lHouck fc Denicolall2000l : iHouck 
20021 ) by convolving Gaussian profiles with 
the instrumental response. Determination 
of an accurate continuum is important. 
Even at HETGS resolution, there are por- 
tions of the spectrum for which the local 
minima are a poor approximation to the 
true continuum. Hence, we adopt an iter- 
ative procedure whereby we first use a low 
order polynomial to fit the local continuum 
knowing it to be in error in some spectral 
regions. After we obtain a plasma model 
from line fluxes, we evaluate a global con- 
tinuum and re-fit the lines and continue to 
iterate in this fashion if required. 



2.1. Zeroth-order image, light curves, 
and CCD spectra 

In Figure [1] we display the zeroth-order 
HETGS image, light curves, and CCD en- 
ergy spectra of the Hen 3-600 system. Both 
primary components were detected, with 
separation (1.4") and orientation in excel- 
lent agreement with earlier infr ared imag- 
ing (jJayawardhana et al.l Il999l ). Hence, 
there is no ambiguity in attributing the 
X-ray emission to components A and B. 
However, the X-ray flux ratio of the AB 
pair is the reverse of that in the optical 
and infrared. In those wavelength regimes, 
component A is brighter — indeed, its in- 
frared excess likely d ominates that of the 



Hen 3-600 system (jJayawardhana et al. 



19991 ). During our observations, however, 
B was the brighter X-ray source. 

The light curve shown in Figure [1] re- 
veals that this X-ray mean flux difference 
in Hen 3-600 is due to a large flare that 



^SIS is available from 



http : //space . mit . edu/CXC/ISIS 
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Fig. 1. — The zeroth order data for Hen 3-600. The left panel shows the central field in sky pixel 
coordinates as contours with individual events over-plotted as points. The solid-outlined circles are 
the 0.7" (1.4 pixel) radius extraction regions for zero order light curves and spectra. The outer 
contour is for 1 count, and the interval is 10 counts, with the maximum counts in the brighter 
source being about 180. The upper left source is component A. The middle two-panel plot shows 
the zero order light curves for A (upper) and B (lower) in 1 ks bins, for the CCD ENERGY range of 
0.25-7.0 keV; backgrounds are negligible. The right plot shows the zero order CCD spectra, with 
the brighter source B shaded in black, and source A, which is fainter and somewhat softer, in gray. 
CCD photon pileup was not significant at these low rates. 



occurred on component B, ~ 16 ks after 
the start of the observation. This flare 
displayed a steep (< 2 ks) rise and large 
amplitude, achieving a count rate a factor 
~ 5 above pre-flare rate. The flare decays 
abruptly over ~ 10 ks, but did not return 
to the pre-flare level, but to one about two 
times higher. 

The count rate of component A re- 
mained at a low level with small fluctu- 
ations throughout our observation. It was 
actually the brighter of the two main com- 
ponents during the initial ~ 15 ks of the 
HETGS observation. A similar reversal 
in X-ray to optical and IR occurred in 
HD 98800 in which the component sur- 
rounded by a dusty disk, defined by pres- 
ence of a strong IR excess, was also the 
weaker and steadier X-ray s ource of the 
system ( jKastner et al.ll2004al ). 



Component B appears to be the harder 
of the two components in the zeroth-order 
CCD spectra, which are also shown in Fig- 
ure [U In particular, the zeroth-order spec- 
tral energy distributions of A and B peak 
near ~ 0.9 keV, but component A drops 
off more rapidly at higher energies. Com- 
ponent B has a weak but significant Fe Ka 
line at ~ 6.7 keV. 

There is little evidence that the spec- 
trum of B hardened during the flare. 
The hardness increased only marginally 
from 15-40 ks from observation start (Fig- 
ure HJ. This behavior appears distinct 
from that of coronal sources, which usu- 
ally show much more obvious hardening 
during flares, as in th e case of HD 98800 



( jKastner et al.l l2004al ) and other coro 



nally active stars (e.g. iGiidel et al.l 12004 



Huenemoerder. Testa fe Buzasill2006l ) . The 
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Fig. 2. — Light curves (top panels) and hardness ratios (bottom panels) for components A (left) 
and B (right) obtained from the dispersed MEG + HEG spectral events for positive and negative 
orders 1-3. In the top panels, the lighter (gray) histograms indicate the 1.7-10 A ("hard") band, 
and the darker (black) histograms indicate the 10-26 A ("soft") spectral region. The bottom panels 
display the time history of hardness ratios constructed from the counts in these "soft" and "hard" 
bands. Since the dispersed spectra of A and B are not fully resolved, these curves were extracted 
from narrow regions centered on the component's spectrum; each is contaminated to some degree 
by the other source. 



hardnesses of A and B outside the flare 
(excluding the 15-40 ks interval) are simi- 
lar. This suggests that excluding the flare, 
that the spectral energy distributions are 
similar. High resolution spectral diagnos- 
tics (discussed later) reveal some differ- 
ences between A and B. 

We did not use the zero order for de- 
tailed spectral modeling, but deferred to 
the high resolution spectrum. We did eval- 
uate the high resolution-derived model for 
the sum of A + B with the zero order 
response to examine consistency with the 
sum of the zero order spectra, but calibra- 
tion systematic residuals make comparison 
difficult. We thus only used the zero orders 
for variability and qualitative assessment 
of the individual components. 



2.2. First Order Spectrum 

The combined, first-order MEG and 
HEG spectrum of Hen 3-600 is displayed 
in Figure EJ As is also the case in 
HETGS spectra of fellow TWA members 



TW Hya an d HD 98800 flKastner et al. 



20021 . l2004al ) , the most prominent lines in 
the HETGS spectrum of Hen 3-600 are 
those of highly ionized Ne and O, while 
lines of Fe are relatively weak. We have 
measured line fluxes by fitting the com- 
bined A + B counts (Table [2]); for stronger 
lines we have determined the relative con- 
tribution of each component (Table [3]). In 
the following sections, we describe these 
determinations in more detail. 



6 




Wavelength 

Fig. 3. — The combined HEG + MEG spectrum of A + B, heavily binned (0.08 A/bin). Some 
prominent or important lines are marked. 



3. Spectral Analysis 

3.1. Emission measure distribution 

To ascertain the ranges of temperature 
and elemental abundances that character- 
ize the X-ray-emitting plasma of the Hen 3- 
600 system, we fit its combined (A + B) 
dispersed HETGS spectrum with an emis- 
sion measure distribution (EMD) model. 
The EMD is a one-dimensional character- 
ization of a multi-thermal plasma. It is a 
weighting function which relates the line 
emissivities (e) to flux (/) via an integral 
equation, 



./:, 



A' 



And 2 



dV 

e jZ (T) [n e n H —] dT 



for ion j of element atomic number Z 
and abundance A z \ T is the plasma (elec- 
tron) temperature, V the volume, n e and 
Uh are the electron and hydrogen densi- 
ties, and d is source distance. The quan- 
tity in square brackets is the EMD (also 
commonly called the differential emission 
measure [DEM]). We have ignored any 



density dependence on e, which in principle 
exists and which would introduce another 
differential term into the equation. The 
few strongly density-sensitive lines of the 
He-like triplets are handled independently. 
We also assume uniform abundances, such 
that A z appears outside the integral. 

We app lied methods similar to those de- 
scribe d in iHuenemoerder. Testa fc Buzasi 
(120061 ) to perform a regularized fit of the 
emission measure and abundances to line 

fluxes. There are man y caveats to emission 

meas ure modeling (see IHuenemoerder. Testa &: Buzasi 



20061 . for discussion and further citations). 



Here we have the added complication that 
components A and B are not fully resolved, 
so we must fit their summed emission. The 
results for the EMD of Hen 3-600 hence 
implicitly rely on the assumption that the 
abundances are homogeneous and iden- 
tical in each component. Lines used in 
the EMD fitting are listed in Table [2 
Those lines with measured flux but which 
are known to be density sensitive (He- 
like triplet intercombination and forbidden 
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lines) or which had large residuals (due to 
some systematic error, such as misidentifi- 
cation) have their predicted flux enclosed 
in parentheses. 

Figure H] shows the resulting EMD for 
different assumed values of the absorb- 
ing column (Nh)- The upper and lower 
bounds of the shaded regions result from 
100 Monte-Carlo iterations in which the 
line fluxes were randomly perturbed within 
their measured uncertainties. Regardless 
of the assumed value of Nh, we find a 
broad T distribution with strong peaks 
at logT = 6.5 and logT = 7.0, and 
a "hot tail" above logT = 7.4. The 
longest wavelength (and characteristically 
cooler) lines are most sensitive to the as- 
sumed Nh- Because there are few counts 
in this long-wavelength regime, we obtain 
effectively identical solutions for values of 
Nh < 10 21 cm" 2 . If we assume a value of 
N H = 3 x 10 21 cm" 2 , then the EMD rises 
strongly below logT = 6.5; however, in 
this case the required N abundance is unre- 
alistically large, at 4.7 times Solar. Hence, 



we adopt a value of Nh 



10 



20 



cm 



This value has < 10% effect on line fluxes 
in the HETGS bandpass, and is consis- 
tent with the apparent lack of interstellar 



redde ning toward the TWA (IKastner et al. 



20031 ) and with the apparently negligible 
E(B — V) toward and Hen 3-600 in par- 
ticular. The small inferred value of Nh 
(see also §3.4p furthermore suggests we 
observe the dust-disk-enshrouded compo- 
nent, A (jJayawardhana et ajj[l999| ) , at low 
inclination 

The abundances obtained from the 
EMD fitting under the assumption Nh = 
10 20 cm -2 are listed in Table H] and dis- 
played in Figure [5j We have adopted the 



abundances of lAnders fc Grevessd (119891 ) 
for our ratios to Solar values. Figure [6] 
shows the observed spectrum overlaid with 
the synthetic spectrum predicted by the 
emission measure distribution and abun- 
dance model. 

Assuming Nh = 10 20 cm -2 , the in- 
tegrated flux (1.5-25 A) obtained from 
the TvilTD-reconstructed model is 1.2 x 
10~ 12 ergs cm -2 s -1 (0.74 x 10~ 3 phot cm -2 s" 
corresponding to a luminosity L x = 3.1 x 
10 29 ergss _1 at the estimated distance to 
Hen 3-600 of 45 pc, the mean o f the values 
derived by Kastner et al.l ( 1997) (39±7 pc, 
a "photometric" distance) and lWebb et al. 



(119991 ) (50 pc, an assumed value, based on 
Hipparcos distances of 47-67 pc measured 
for other TWA members). 
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Fig. 4. — Emission measure distribution de- 
rived from line flux fitting to the A + B dis- 
persed spectrum. The darkest shading with 
the light central line is the preferred solu- 
tion for a hydrogen column density of Nh = 
10 20 cm -2 , which is effectively a negligible 
term for the line uncertainties here. The light- 
est shading seen at higher emission measure at 
low temperature (with dark central line) is for 
Nh = 3 x 10 21 cm~ 2 , which can be excluded 
because of the implausibly large abundance of 
nitrogen required to fit the A24.8 line. Inter- 
mediate shading is for Nh = 1 x 10 21 cm~ 2 . 
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Fig. 5. — Elemental abundances (relative to 
Solar) derived from the line-based emission 
measure fit, plotted against the First Ioniza- 
tion Potential (FIP). 
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Fig. 6. — The combined HEG + MEG spectrum of A + B (dark histogram), the model (light 

histogram), and 5x residuals (lower panels). Lines measured for emission measure analysis are 

labeled, and line details can be found in Tabled 
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3.2. Cross-dispersion decomposition 





-2-10 1 
Cross Dispersion Angle [arcsec] 

Fig. 7. — The cross-dispersion distribution of 
MEG first order events. The top panel shows 
a scatter plot of the events, and the bottom 
shows their cumulative histogram. The grat- 
ing cross-dispersion angle has been scaled to 
the imaging focal length. In detail, this dis- 
tribution depends upon wavelength. On the 
average, for an extraction region boundary at 
about —1 arcsec, about 7% of the counts on 
the ^4-side (left) come from B, and there is 
~ 4% contamination in B from A. 

Though the main components of the 
Hen 3-600 binary system are well resolved 
in the zeroth-order image (see Figure [1]), 
the dispersed spectra of the two compo- 
nents are only marginally resolved spa- 
tially in the cross-dispersion direction (Fig- 
ure Ej). The degree of cross-contamination 
of the spectrum increases with wavelength 
due to the astigmatism inherent in a Row- 
land spectrometer. To obtain emission 



line fluxes and ratios in a consistent man- 
ner across the entire spectrum we have 
modeled the cross-dispersion profiles in the 
first-order spectra function of wave- 
length to quantify the relative contribu- 
tion of each source to the brighter emission 
lines. 

Templates for cross-dispersion profiles 
were based on the same MARX simula- 
tions from which the Chandra calibration 
database line spread fuctions were d erived 
([Marshall. Dewev k Ishibashil l2004f ). The 
cross-dispersion profile of a single source is 
characterized by the sum of two Gaussian 
plus two Lorentzian distributions whose 
parameters depend on the grating type and 
wavelength. 

The Hen 3-600 cross-dispersion pro- 
files were fit with the sum of two cross- 
dispersion calibration profiles, each corre- 
sponding to a single source at the wave- 
length range of interest. These wavelength 
ranges were selected to be as narrow as 
feasible — to extract information on the 
relative strength of the two sources in in- 
dividual spectral lines where possible - 
but wide enough to include counts suf- 
ficient to allow a reliable fit. For each 
selected wavelength range, the observed 
cross-dispersion profile generally shows two 
peaks which correspond to the two main 
components of the Hen 3-600 binary. The 
separation between the two centroids was 
set equal to the known separation between 
A and B (1.4", or 3.9 x 10 -4 degrees) and 
not allowed to vary. The Gaussian and 
Lorentzian width parameters were also 
frozen at their known calibration values. 
The only free interesting parameters of the 
fit were the relative normalizations of each 
component. Figure [8] shows a collection 
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of the cross-dispersion fits for several line 
regions. 

To derive the fluxes of individual spec- 
tral lines for each of the two stars, we first 
determined the line fluxes in the combined 
(A+B), dispersed spectrum. We then par- 
titioned the combined line flux on the ba- 
sis of the weights derived from the best 
fit to the cross-dispersion profiles in the 
corresponding wavelength region. The re- 
sults are listed in Table [3J For individual 
bright lines such as Ne x A12.13 and O vm 
A18.97, the cross-dispersion profile fitting 
can be performed over a narrow wave- 
length range, and the fluxes are well de- 
termined for each binary component. For 
weaker lines like Si xm or the Ne IX in- 
tercombination and forbidden lines, broad 
wavelength ranges were required for the 
profile fitting, and we are only able to ob- 
tain the mean line and continuum contri- 
butions from each component across a line 
complex. Other line fluxes that we mea- 
sured but which were used only in the emis- 
sion measure analysis (§ 13. ip are listed in 
Table [2J 

3.2.1. Temperature sensitive line ratios of 
H-like and He-like ions 



In Section I3TT1 we have used EMD anal- 
ysis to derive thermal structure and ele- 
ment abundances for the composite spec- 
trum of A + B, using the fluxes of a large 
set of spectral lines. Spectral diagnostics 
based on a few strong spectral lines can 
be used as independent checks on these 
EMD results. For instance, the He-like 
to H-like Lya line ratios can be used to 
derive an estimate of the temperature of 
the emitting plasma. Even though the 
accurate temperature determination from 



these ratios strictly holds only for isother- 
mal plasma, whereas the actual tempera- 
ture distributions of X-ray emitting plasma 
in stars are far from isothermal, these diag- 
nostics can provide usef ul comparisons be 



Testa et al. 2007 



tween sources (s ee, e.g. 
Ness et al.lliool . 

In Table [5l we summarize results for 
key line ratios that are diagnostic of 
plasma temperature. Following the cross- 
dispersion decomposition, a handful of 
these temperature-sensitive line ratios are 
available separately for A and B. These 
ratios — in particular, Lya/He-r line ra- 
tios of Ne — indicate that there were sharp 
plasma temperature differences between A 
and B during our observations, with B the 
hotter component. The ratios of the H-like 
Lya to He-like resonance lines of Ne and 
O are indicative of plasma temperatures 
of ~ 2 — 3 MK for component A and ~ 7 
MK for component B. This is consistent 
with the results from cross-dispersion pro- 
file analysis of the He-like Ne IX and O VII 
triplet regions, which indicate (albeit with 
a high degree of uncertainty) that A is 
the fainter of the two components in the 
former region but is comparable to com- 
ponent B in the latter, longer-wavelength 
spectral region. 

3.2.2. Elemental abundances 

Using the cross-dispersion profile analy- 
sis, we can estimate the abundances of Ne, 
Fe, Mg, and Si with respect to O for each 
stellar component individually — indepen- 
dently of (and in contrast to) the EMD 
analysis, in which the derived abundances 
(Table HI) represent an average of the two 
components. These diagnostics use the ra- 
tio of two combinations of lines of two dif- 
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Fig. 8. — Cross-dispersion profiles of the MEG first-order spectrum of Hen 3-600 AB (thin black 
histograms) in several spectral regions. A two-component model fit, based on the calibration model 
MEG cross-dispersion profile, is indicated in each panel by the thick gray histogram. Left to right, 
top row: Si xiv 6 A; Mg xi-Mg xn 8-10A; and the Fe and continuum region around 11 A. Left- 
to-right, bottom row: Ne x 12 A; Fe xvn 15-17 A; and O vili 20 A. The lower panel in each plot 
shows the residual data — model counts. The zero-point of the x-axis is arbitrary; component A is 
on the left, B is on the right. 



ferent elements whose combined emissivity 
curves have very similar temperature de- 
pendence. Therefore their ratio is largely 
independent of the specific thermal distri- 
bution of the plasma and provides an esti- 
mate of the ratio of the abundances of the 
relevant elements 



(see e.g. 



2005; Garcia- Alvarez et al. 



Drake fe Testa 



2005). 



The cross-dispersion decomposition re- 
sults for abundances are listed in Table [6j 
Consistent with the EMD analysis, we 
find both components of Hen 3-600 dis- 
play anomalously high Ne/O ratios and 
Fe deficiency, with component A slightly 
less extreme in terms of the latter. The 
Ne and Fe abundances and ratios to O of 



both component s are very simi l ar to t hose 
of HD 9 8800 flKastner et al I l2QQ4ah or 
BP Tau flRobrade fe Schmittl l200d ). The 

Ne/O ratios, though, are n ot as extreme 



as in the case of TW Hya (jKastner et al. 



20021 : iRobrade fe Schmittl [2006 b 



Component A displays evidence for en- 
hanced abundances of Mg and Si relative to 
O. These anomalies, if confirmed, are sim- 
ilar to patterns in TW Hy a, whose high 



resolu tion X-ray spectrum (jKastner et al. 



20021 ) reveals a relative overabundance of 



about 3 (compared to Solar ratios) for both 
elements relative to oxygen. 
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3.3. Density-sensitive line ratios of 
He-like ions 



Ratios of the forbidden (/) to inter- 
combination (z) line intensities within the 
triplet line complexes of He-like ions (e.g., 
Mg XI, Ne IX, vil) are potential diagnos- 
tics of plasma density. For the combined 
(A + B) spectrum of Hen 3-600, the f/i 
ratio for the O vil triplet is significantly 
smaller than the low-density limit of 3.9. 
The measured value, f/i ~ 1 ±0.5, lies be- 
tween the O vil f/i line ratios displayed by 
HD 98800 (~ 3.5) and TW Hya (~ 0.1). 
It is not possible to infer plasma densi- 
ties independently and unambiguously for 
the two main binary components of Hen 3- 
600, as the relatively poor photon count- 
ing statistics limit the cross-dispersion pro- 
file fitting to broad wavelength ranges that 
average over these triplet line complexes. 
Table [3] and Figures [TJ and [8] suggest that 
components A and B contribute roughly 
equally to the photon count rate in the 
O vil triplet wavelength range, with A per- 
haps the brighter component in this line 
complex. 

We computed confidence contours in the 
ratios R = f /% and G = (/ + i)/r (where 
r is the intensity of the triplet resonance 
line) directly from the Hen 3-600 A + B 
spectrum (Figure [9]). The results show 
that the 90% confidence limit extends to 
near the low density limit (middle con- 
tour), but is still significantly above this 
limit. However, the G ratio is unrealisti- 
cally large, extending to temperatures out- 
side the theoretical range of sensitivity, in- 
dicating some peculiarity in the emission, 
or a problem with the atomic data. If 
we consider only the f/i ratio (R), then 
logn e [cm~ 3 ] ~ 10.75, with the 90% confi- 
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Fig. 9. — Top: The O vn triplet counts spec- 
trum (dark line) and best fit of Gaussians 
folded through the instrument response (light- 
shaded line). No background was subtracted 
and hence, uncertainties are Poisson. Bot- 
tom: confidence contours in the triplet density 
sensitive R = f/i and temperature sensitive 
G = (/ + i)/r ratios. Inner to outer contours 
are for 68%, 90%, and 99% confidenc e lev- 
els. The grid (after ISmith et al.1 l200lj ) gives 
the theoretical contours for constant densities 
and temperatures as labeled. 
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Fig. 10. — Top: The Ne ix triplet spectrum 
and confidence contours. (See Figure [9] for 
details.) 



dence interval at logT = 6.0 ranging from 
10.25 to 11.25. The Ne ix f/i line ratio in- 
dicates an upper limit of logn e [cm~ 3 ] < 
11.75 (90% confidence), consistent with 
O VII (Figure [TUJ) . The Ne IX triplet re- 
gion has Fe line blends, but since Fe is rel- 
atively weak in the spectrum of Hen 3-600, 
the R ratio for Ne IX is essentially uncon- 
taminated. The Mg XI triplet is compro- 
mised by weak signal, Ne x H-Lya series 
blends which bracket the intercombination 
line, and significant continuum. 

3.4. O VII ratios: N H , abundances, 
and binarity 

In principle, given the theoretical ra- 
tio of flux in O VII He-Ly/3 (18.63 A) to 
the flux in the triplet complex (22 A), we 
should be able to determine the line-of- 



sight absorbing column of neutral hydro- 
gen Nh- As Nh increases, the ratio of 
18.63 A to 22 A apparent flux should in- 
crease above the theoretical value of 0.06, 
due to preferential absorption of longer- 
wavelength photons. Indeed, the ratio 
we observe for He-Ly/? to the sum of the 
triplet is about 2.5-3 times the theoreti- 
cal value of 0.06. The measurement un- 
certainty is large, however; the 90% confi- 
dence interval reaches into the range 0.04- 
0.08 in the ratio defined by its tempera- 
ture dependence over the peak emissivity 
of O VII (approximately logT = 6.2 to 
6.5). 

The binarity of the system introduces 
complications, however, since the dis- 
persed spectra of components A and B 
are blended. There is no reason a priori 
that any local Nh be the same for the two 
components; indeed, we would expect N H 
toward A to be larger than that toward B, 
given that only the former component has 
a detectable mass of circumstellar dust. 
In addition, the line fluxes are determined 
by the product of the emission measure 
and the oxygen abundance, either of which 
could also differ between the two stars. 

One empirical constraint, from the 
cross-dispersion profile fitting ( §3.2[) . is 
that the emergent flux near 20 A is about 
equal for A and B. Assuming that this 
reflects similar flux in the O VII transi- 
tions from each star, the ratio of O VII 
fluxes to the ratio of theoretical emissivi- 
ties is then only a function of Nh for each 
stellar component. Contours of constant 
ratios vs. Nh{A) and Nh(B) (not shown) 
indicate that Nh must be > 2 x 10 21 for 
either component to drive the observed ra- 
tio to values > 2. However, such a large 
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value of Nh is inconsistent with the rela- 
tively strong N VII line, as discussed earlier 
(13. ip . We conclude that the deviation of 
the observed ratio of 18.63 A to 22 A flux 
from the theoretical value is most likely 
due to poor photon counting statistics. 

4. Discussion 

4.1. He-like triplet line ratios 

Both TW Hya and Hen 3-600 exhibit 
Ha emission line equivalent widths and UV 
excesses (Tabled]) that are larger than typ- 
ically observed for chromospherically ac- 
tive stars. Such large Ha emission inten- 
sities and UV excesses are generally inter- 
preted as evidence for accretion. In Fig- 
ures [TT] and [T21 respectively, we plot the 
equivalent widths of Ha and ultraviolet ex- 
cesses E{U — B) vs. f/i ratios of triplet 
lines of He-like ions for pre-main sequence 
stars and (in Figure [T2|) for chromospher- 
ically active main sequence stars. These 
figures make clear that: 

1. for T Tauri stars, Ha equivalent 
widths and X-ray f/i line ratios are 
well correlated; 

2. the cTTS systems (TW Hya, BP 
Tau, V4046 Sgr, and MP Mus) have 
anomalously small values of f/i; 
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Fig. 11. — Equivalent width (EW) of Ha 
vs. the forbidden to intercombination line ra- 
tio f/i within triplet lines of the He-like 
ions O vii (top panel) and Ne ix (bottom 
panel). Th e values of Ha E W were ob- 
tained from IWebb et al.1 dl99flh CHen 3-600 
TW H ya, HP 988 00h iGregorio-Hetem et al l 
dl992h ?MP M usl.lBvrne! dl986h CV4046 Sgr), 
Schmitt et al.l (120051. and references therein) 



(BP Tau), and 
dl99gh (AU Mic). 



Barrado v Navascues et al.l 



between the cTTS on the one hand, 
and wTTS and coronally active main 
sequence stars on the other. 



3. the properties of the apparently 
nonaccreting (wTTS) systems AU 
Mic and HD 98800 more closely re- 
semble those of coronally active main 
sequence stars than actively accret- 
ing pre- main sequence stars (a s also 
noted by lKastner et al.ll2004al ); 



4. the weakly accreting Hen 3-600 ap- 
pears as an intermediate case, lying 
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Fig. 12.— Ultraviolet excess £(*7 - B) 
vs. //i within triplet lines of the He-like 
ions O vii (top panel) and Ne ix (bottom 
panel) as measured for chromospherically ac- 
tive, single main sequence stars (asterisks) 
and low-mass, pre-main sequence stars (dia- 
monds, cTTS; triangles, wTTS). The values 
of E(U - B) we 



(Hen 3-600, TW 
1990| ) (V4046 Sgr) 



de la Reza et al. (1989) 


Hya), 


Hutchinson et al. 


, Gree 


"orio-Hetem et al. 



1992 ) (HD 98800, MP Mus), and SIMBAD 
(all other stars) by taking into account intrin- 
sic (U — B) c olors appropria te for each star's 
spectral type (Johnson 19661 ) . 



The presence of intense UV fields gen- 
erated in accretion shocks that lie in close 
proximity to the X-ray-emitting regions of 
cTTS may affect the f/i ratios of such sys- 
tems, via radiative pumping of ions out 
of the metastable state that leads to for- 
bidden line emission. If such radiative 
pumping is important, clearly this would 
compromise the utility of the f/i ratio 
as a density diagnostic. However, models 
suggest that that such UV pumping con- 



tributes negligibly to the observed line ra- 
tios of He-like ions for TW Hya and Hen 3- 
600. Specifically, to produce the f/i ra- 
tios observed for Hen 3-600 (O vn) and 
TW Hya (Ne ix), the UV fields would 
have to be characterized by temperatures 
of ~ 1 4 K and ~ 15 x 10 4 K, respec- 
tively (jPorquet et al.ll200ll ). In contrast, 



the extant UV continuum data for these 
stars indicates tempera tures well below 
10 4 K in both case s (I Cost a et al 



2000 



Muzerolle et al.l 120001 ) . Furthermore, there 
is no apparent correlation between f/i and 
ultraviolet excess, among cTTS systems 
(Figure [1~2"]) . Hence it appears the plasma 
densities characterizing cTTS systems and 
Hen 3-600 are anomalously high among X- 
ray-emitting, late-type stars observed thus 
far at high spectra l resolution. Recent re- 
sults reported by iNess fc Schmittl (120051 ) 
concerning anomalous Fe line ratios in the 
X-ray spectrum of TW Hya support this 
assertion. 



4.2. X-ray temperatures and origins 
in A and B 

Strong low-T (logT ~ 6.5) emission 
is apparent in the HETGS spectrum of 
Hen 3-600. This result is obtained both 
from the EMD modeling results for the 
combined (A + B) system and from tem- 
perature sensitive Ne and O line ratios 
for component A as derived from cross- 
dispersion decomposition (Table [5]). The 
similarly low plasma temperatures mea- 
sured for Hen 3-600- A and TW Hya point 
to the possibility that, in both cases, the 
X-ray emission is derived (at least in part) 
from shocks. In this regard, we note that 
the X-ray flux from Hen 3-600- A was rel- 
atively constant during our observation, 
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consistent with a shock origin. Further- 
more, the temperature derived from O VII 
line ratios in the spectrum of A (~ 3 MK) 
is similar to that measured for other ac- 
creting TTS, whereas the Ne IX and VII 
line ratio temperatures of B (~ 5 — 7 
MK) more clos ely resembles those of non- 
accreting TTS flTelleschi et al.ll2007bl ). 

There is additional evidence that the X- 
ray emission from component B is domi- 
nated by magnetically heated (as opposed 
to shock-heated) plasma. Specifically, it 
displayed a hotter spectrum than A as de- 
termined both in the continuum and in 
line ratios, and it displayed a large flare. 
The flare was somewhat peculiar, how- 
ever, in that the spectral hardness showed 
no strong change as is typical for coro- 
nally active stars. This circumstantial ev- 
idence may simply be due to statistics; 
further observations may detect a flare 
on A. In the Taurus molecular cloud, 
cTTS and wTTS do show similar vari- 



ability (IStelzer et al.l 120071 ) . This implies 
that even strongly accreting sources still 
probably have a significant emission com- 
ponent from magnetically heated plasma. 
As any accretion-generated emission com- 
ponent weakens, magnetic coronal activity 
will become more apparent. In this mid- 
dle regime, high-resolution (line-based) di- 
agnostics of temperatures and abundances 
are needed. 

4.3. Abundances 

Whereas TW Hya displays evidence 
for metal (O, Fe, Mg, Si) depletion that 
has been attributed t o grain growth in 



its c ir cumstellar disk (IStelzer fe Schmi 



20041 ; iDrake. Testa fe Hartmannl 120051 ). 



ray spectrum of Hen 3-600 are ambiguous 
in this regard: Fe is depleted, but the abso- 
lute abundance ratio Ne/O is ~ 0.4 (~ 2.8 
relative to the solar Ne/O ratio), very 
much in line with the me an Ne/O ratio 
of co ronally active stars (IDrake fe Testa 



2005|). 



If, however, we consider only the results 
from high-resolution X-ray spectroscopy, it 
is not at all clear that there is such strong 
evidence for depletion. The Si and Mg 
abundanc es in TW Hya are abo ut Solar ac- 
cording to iKastner et al.l (120021 ) , and while 
those authors stated problems regarding 
the Mg XI model, Si xiv, Si xm, and 
Mg XII are well described by their adopted 
emission measure and abundances. Thus, 
the largest difference between Hen 3-600 
and TW Hya is in their Ne/O ratios which 
are about 3 for Hen 3-600 (as well as 
for HD 98800, BP Tau, and CR Cha), 
and about half that o f TW Hya (using 
the Anders fe Grevesse (Il989h scale). The 
abundances of Mg and Si themselves ap- 
pear to be substantially lower in Hen 3-600 
than in TW Hya. 

The pattern for Hen 3-600-AB is sim- 
ilar to that found in other active stars 
from high resolution spectra, but which 
are also seen in the much younger Orion 
Nebula Cluster stars from a nalysis of low- 



resolu tion CCD spectra by iMaggio et al. 



the abundance patterns found in the X- 



(120071 ) . The large sample of Orion stars al- 
lowed those authors to apply independent 
statistical tests. Our values for Hen 3-600- 
AB fall within the la boxes shown in their 
Figure 12, which in turn overlap values for 
other stars. 

Considering the decomposition by com- 
ponent star, the Si and Mg abundances 
relative to O in component A are, if any- 
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thing, enhanced with respect to Solar ra- 
tios, and are more like TW Hya than is 
component B. Indeed, in light of the fact 
that the two most rapidly accreting stars 
in the TWA, TW Hya and Hen 3-600, 
both display eviden ce for grain processing 
(lUchida et all 12004 ). that only TW Hya 
displays an anomalous Ne/O ratio, and 
that both TW Hya and Hen 3-600-A have 
high Si/O and Mg/O values, it appears 
that circumstellar dust grain evolution 
may play an important role in determin- 
ing X-ray abundance patterns, but these 
patterns do not seem to be what was pre- 
viously expected for Si and Mg. It is clear 
that better high-resolution spectra are re- 
quired to provide much better statistics 
and models for the important Mg and Si 
features. Our uncertainties on the A-B de- 
composition are quite large due primarily 
to the overall signal level, but are not lim- 
ited by the spatial separation of the two 
stars. 

5. Conclusions 



The results presented here establish 
that Hen 3-600, like TW Hya, stands 
out from classical coronal sources, in 
terms of both its O VII triplet spec- 
trum and its soft X-ray (low tempera- 
ture emission measure) excess. Specif- 
ically, among the several dozen stars 
with O VII triplet line ratios thus far 
measured by Chandra/HETGS or XMM- 
Newton/RGS, Hen 3-600, TW Hya, BP 
Tau, V4046 Sgr, and MP Mus - all cTTS 



f/i less than ~ 1.5 ( 


Kastner et al. 2002: 


Testa. Drake k, Peres 


2004: Ness & Schmitt 


2005 


Robrade & Schmitt 2006: 


Giinther et al. 


2006: 


Argiroffi. Maeeio & Peres 


2007). Mean- 



while, soft X-ray excesses have been de- 
tected in the spectra of a number of ac- 
creting TTS systems and a re not observed 



in non -accreting systems (ITelleschi et al. 
2007bh . While the O vn f/i ratio and 
the EMD peak at logTx ~ 6.5 measured 
for Hen 3-600 are not as extreme as those 



found for TW Hya flKastner et all |2002j) 



it is notable that these two objects — the 
only TWA stars known to be actively ac- 
creting — share these unusual X-ray spec- 
tral properties. 

Hence, it seems that the soft X-ray emis- 
sion from Hen 3-600-A, like that from TW 
Hya and few other cTTS observed to date 
at high spectral resolution in X-rays, may 



(Kastner et al. 




2002 




Stelzer & Schmitt 


2004 




Giinther et al. 


2006). Indeed 



while conclusions concerning Hen 3-600 
are somewhat tentative at present, due to 
the poor photon counting statistics in our 
HETGS spectroscopy — the X-ray-derived 
plasma densities of TW Hya and Hen 3- 
600 (logn e ~ 12.5 and logn e ps 11, respec- 
tively) appear to scale with their accre- 
tion rates as derived from Ha line profiles 
and UV continuum fluxes: ~ 5 x 10 
yr 



1O M 

1 and ~ 10 ll Mp) yr 1 , respectively 



flMuzerolle et all 120001 ) . Alternatively, this 
low-T emission perhaps may be the result 
of shocks in collimated, disk-driven out- 
flows from these stars. Such soft, constant 
X-ray emission components have recently 
been detected in Chandra and XMM- 
Newton CCD spectroscopy of a handful 
of cTTS disk/jet syste ms, such as the Bee- 
hive proplyd i n Orion (IKastner et ah|2005j) 
and DG Tau flGudel et al JI2007I . l2005h .~ 

All of the emission signatures of Hen 3- 
600-A that are potential diagnostics of 
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accretion activity - - from its X-ray line 
ratios, through its UV excess and Ha 
emission line strengths, to its weak near- 
infrared excess — are fully consistent with 
its status as a transition object, placed 
roughly midway between rapidly accreting, 
classical T Tauri stars and non-accreting, 
weak-lined T Tauri stars. These results 
speak to the need for additional high- 
resolution X-ray spectroscopy of T Tauri 
stars spanning a wide range of accretion 
states. 
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Table 1 

Properties of Hen 3-600, HD 98800, and TW Hya 







EW(Ha) 


U -B 


E(U -B) 


Object 


Sp. Type 


(A) 


(mag) 


(mag) 


HD 98800 


K5 a 





1.1 


0.0 


Hen 3-600 


M3 b ,M3.5 


-22,-7 


0.7 


-0.5 


TW Hya 


K7 


-220 


-0.3 


-1.4 



hierarchical quadruple system. 
b Spectroscopic binary. 
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Table 2 

Line Fluxes Measured from (A + B) 



Ion 


logT max 
[K] 


A 

[A] 


10 6 [phcm" 


/pred 


Fe xxv 


7.8 


1.850 


0.80 


(0.60) 


0.28 


Ar xvm 


7.7 


3.749 


0.36 


(0.32) 


0.17 


Ar xvn 


>"7 A 

7.4 


3.935 


0.39 


(0.32) 


0.31 


S xv 


7.3 


4.075 


0.23 


(0.30) 


0.05 


S xvi 


7.6 


4.739 


0.70 


(0.60) 


0.77 


b xv 


7.2 


rr nor* 

5.026 


1.94 


(0.60) 


1.19 


S xv 


7.2 


5.060 


0.60 


(0.50) 


0.28 


S xv 


7.2 


5.101 


0.90 


(0.50) 


0.41 


Si xiv 


7.4 


5.242 


0.00 


(0.10) 


(0.19) 


Si xiv 


7.4 


6.182 


1.93 


(0.50) 


1.38 


Si xiii 


7.0 


6.648 


2.34 


(0.80) 


1.77 


Si xiii 


7.0 


6.687 


1.60 


(0.70) 


(0.34) 


Si xiii 


7.0 


6.740 


1.30 


(0.57) 


0.73 


Mg xii 


7.2 


7.109 


0.32 


(0.22) 


0.23 


Mg xi 


6.9 


7.305 


0.06 


(0.13) 


(0.03) 


Mg xn 


7.2 


8.421 


2.18 


(0.60) 


1.74 


Mg xi 


6.8 


9.169 


2.20 


(0.70) 


1.45 


Mg xi 


6.8 


9.314 


1.33 


(0.50) 


(0.69) 


AT 

JNe X 


7.0 


10.239 


3.50 


(0.90) 


3.49 


Fe xxm 


7.2 


10.979 


1.19 


(0.58) 


0.61 


Fe xxiv 


7.4 


11.177 


2.36 


(0.70) 


0.81 


Fe xvm 


6.8 


11.533 


0.28 


(0.97) 


(0.41) 


Ne ix 


6.6 


11 £ A Q 

11.543 


1.60 


(0.96) 


2.09 


Fe xxm 


7.2 


11.741 


1.84 


(0.74) 


1.32 


Fe xxn 


7.1 


11.774 


1.38 


(0.67) 


1.45 


Ne x 


6.9 


12.134 


33.35 


(3.49) 


26.31 


Fe xvn 


6.7 


12.269 


1.20 


(0.90) 


1.35 


Fe xxi 


7.1 


12.281 


5.08 


(1.30) 


3.25 


Ne ix 


6.6 


13.447 


22.55 


(3.19) 


17.51 


Ne ix 


6.6 


13.553 


3.69 


(2.99) 


(2.84) 


Ne ix 


6.6 


13.699 


10.58 


(2.99) 


(9.03) 


Fe xvm 


6.8 


14.205 


5.75 


(1.90) 


4.48 


Fe xvm 


6.8 


14.377 


4.31 


(1.92) 


1.15 


viii 


6.7 


14.809 


2.31 


(1.79) 


1.22 


Fe xvii 


6.7 


15.014 


15.85 


(4.98) 


14.38 
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Table 2 — Continued 



Ion 


logT max 


A 




/pred 




[K] 


[A] 


10 6 [ph cm" 


-2 s- 1 ] 


Fe xvn 


6.7 


15.261 


5.98 (2.99) 


4.06 


viii 


6.7 


16.006 


10.96 (4.48) 


8.89 


Fe xvm 


6.8 


16.071 


5.18 (4.18) 


1.63 


Fe xvii 


6.7 


16.780 


9.36 (3.98) 


6.52 


Fe xvii 


6.7 


17.051 


14.44 (5.68) 


7.73 


Fe xvii 


6.7 


17.096 


8.37 (5.88) 


7.25 


vii 


6.4 


18.627 


18.25 (5.09) 


3.16 


viii 


6.7 


18.969 


82.75 (11.96) 


68.28 


vii 


6.3 


21.605 


25.50 (9.56) 


25.14 


vii 


6.3 


21.805 


31.18 (11.46) 


(3.41) 


vii 


6.3 


22.092 


34.66 (11.85) 


(14.03) 


N vii 


6.5 


24.780 


33.87 (13.03) 


25.07 



a Measured line fluxes for HEG + MEG first orders, 
with la uncertainties. Fluxes are for Njj = 0.0. 

b Line fluxes predicted by the emission measure and 
abundance model. Lines which are known to be density 
sensitive (He-like i and / lines) , or which had very large 
residuals, were not used in the emission measure fit and 
are enclosed in parentheses. 
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Table 3 

Decomposition of fluxes from cross dispersion profiles. 



Ion 


log T peak 


A 




/ A 1 T~~»\ fl 

(A/Bf 


A 


B 




[K] 


r X i 

[A] 






flux ( 10 e [pr 


—'2 — In 
Lcm z s i J) 


Fe xxv^ 


7 8 


1 854 








8 CO 6") c 

VJ . O 1 VJ. VJ J 


Si xiv 


7.2 


6.182 


o 


55 CO 15") 

•J 'J 1 UilU 1 


68 CO 18") 


1 25 CO 321 

_I.._'J IV J . O -J J 


Si xiii 


7 

1 . VJ 


6 648 


n 

VJ 


55 CO 1 5") 

tJ(J IU.1<J 1 


83 CO 27") 

VJ. uu I U.ii 1 / 


1 51 CO 48") 


Si xiii 


7 

1 . VJ 


6 687 


n 

VJ 


55 CO 1 5") 

tJ(J I VJ . -L(J / 


57 CO 25") 


1 03 CO 45") 

X.VJO IVJ.^(JJ 


Si xiii 


7 

1 . VJ 


6 74f) 

U . 1 t:VJ 


n 

VJ 


55 CO 1 5") 

*J(J I VJ . 1<J / 


46 CO 20") 

V ./ . i VJ \\J.Zj\j J 


84 CO 38") 


Mp- YII 


7.0 


8.421 


o 


30 CO 13") 


50 CO 14") 


1 68 CO 45") 


Mg xi 


6.8 


9.169 


o 


30 CO 13") 


51 CO 18") 


1 69 CO 55") 


Mg xi 


6 8 

VJ . O 


9 31 4 


n 

vj 


30 CO 1 3") 

<JVJ I VJ . -LtJ / 


31 CO 1 2") 


1 02 CO 36"l 

X . VJZj IVJ.tJVJJ 


Ne x 


6.8 


10.239 


o 


30 (0.14) 


73 CO 21") 


2 76 CO 70") 

— - 1 VJ IVJ.lVJJ 


Nex 


6.8 


12.134 





15 (0.13) 


4.40 (0.40) 


29.0 (3.0) 


Ne ix 


6.6 


13.447 




1.0 (0.9) 


11.3 (2.0) 


11.3 (2.0) 


Ne ix 


6.6 


13.553 





66 (0.27) 


1.5 (1.3) 


2.2 (1.9) 


Ne ix 


6.6 


13.699 





66 (0.27) 


4.2 (1.3) 


6.4 (1.9) 


Fe xvn 


6.7 


15.014 





50 (0.19) 


5.3 (1.7) 


10.6 (3.5) 


Fe xvn 


6.7 


15.261 





50 (0.19) 


2.0 (0.9) 


4.0 (2.0) 


viii 


6.5 


16.006 





50 (0.19) 


3.7 (1.5) 


7.3 (2.8) 


Fe xvm 


6.8 


16.071 





50 (0.19) 


1.7 (1.2) 


3.5 (2.3) 


Fe xvii 


6.7 


16.780 





50 (0.19) 


3.1 (1.5) 


6.3 (2.5) 


Fe xvii 


6.7 


17.051 





50 (0.19) 


4.8 (1.9) 


9.7 (3.7) 


Fe xvii 


6.7 


17.096 





50 (0.19) 


2.8 (1.9) 


5.6 (3.8) 


viii 


6.5 


18.969 





75 (0.40) 


34.0 (6.0) 


49.0 (7.0) 


Ovu 


6.3 


21.602 




2.0 (1.5) 


13 (7) 


6.5 (3) 


Ovu 


6.3 


21.804 




2.0 (1.5) 


21 (7) 


11 (4) 


Ovu 


6.3 


22.098 




2.0 (1.5) 


19 (8) 


9.7 (4) 



& A and B refer to the photon fluxes of the stellar components. 

b Flux measured from the 0th order spectrum of source B; the feature 
is not detected in the 0th order spectrum of source A. 

c Quantities in parentheses are the 3<r confidence intervals. 
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Table 4: Abundances from emission mea- 
sure fit to A + B 



Element 


A/A Q a 


A/A b 


N 


1.62 (0.74) c 


3.86 (1.90) 





0.42 (0.08) 


1.00 ... 


Ne 


1.17 (0.10) 


2.79 (0.59) 


Mg 


0.29 (0.07) 


0.68 (0.22) 


Si 


0.39 (0.10) 


0.92 (0.29) 


s 


0.75 (0.31) 


1.78 (0.81) 


Fe 


0.20 (0.03) 


0.48 (0.12) 



"Abundance relative to Solar values of Anders fe Grevessd(|l989l) . 

h Abundance ratio relative to Solar oxygen abundance ratio, or (A/Aq)/(Ao/Ao q ). 

c Valucs in parentheses are la uncertainties. 



Table 5: Line ratios (photon units). 



Element 


Feature 


ratio^) 


ratio(-B) 


T(A) T(B) 






(la) 


(la) 


[MK] (90% confidence) 


Si 


Lya/He-r 


0.82 (0.34) 


[A = B] 


7.8 (6.2-8.2) [A = B] 


Mg 


Lya/He-r 


0.99 (0.42) 


[A = B] 


8.0 (6.2-9.0) [A = B] 


Ne 


Lya/He-r 


0.39 (0.08) 


2.56 (0.50) 


3.8 (3.4-4.0) 6.7 (6.0-7.0) 





Lya/He-r 


2.6 (1.5) 


7.5 (3.6) 


3.2 (2.6-3.8) 5.0 (3.8-5.8) 



Table 6: Abundance ratios (relative to 
Solar ratios) from temperature-insensitive 
line ratios. 



Ratio 


A a 


B 


A + B 


Ne/O 
Mg/O 
Si/O 
Fe/O 


3.68 (0.89) b 
2.02 (0.82) 
4.79 (2.65) 
0.69 (0.26) 


3.43 (0.67) 
1.13 (0.40) 
1.47 (0.93) 
0.31 (0.12) 


3.56 (0.56) 
1.26 (0.46) 
2.02 (1.40) 
0.39 (0.14) 



a Ratio of abundances relative to the Solar ratio from Anders fe Grevesse (Il989h . 
^Values in parenthesis are la uncertainties. 
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